Ethyl methane sulfonate treatment was used to induce a mutation in the nuclear gene encoding the chloroplast isozyme of phosphoglucose isomerase in Clarkia xantiana. The mutation, which proved allelic to wild type activity, was backcrossed to wild type for five generations so that the two could be compared in a near isogenic background. An immunological analysis showed that the mutant, when homozygous, reduced the activity of the isozyme by about 50%. In contrast to wild type, the mutant showed little change in leaf starch level over a diurnal period or following a 72-hour continuous light treatment. By the end of the diurnal light period, the mutant accumulated only about 60% as much starch as wild type. However, mutant leaves had an increased sucrose level presumably because photosynthate was directly exported from the chloroplasts. The mutant also exhibited reduced leaf weight. These changes in metabolism and growth suggest that the wild type level of plastid phosphoglucose isomerase activity is necessary to achieve wild type carbohydrate status.
5.3.1.9) catalyzes the reversible isomerization of fructose-6-P and glucose-6-P. Plant cells have two isozymes of PGI,2 one located in the plastids and the other in the cytosol (5, 10, 11, 13), with both isozymes encoded by independent nuclear genes (5, 12). The plastid PGI governs an essential step in the synthesis and degradation of starch and the cytosolic isozyme carries out a reaction leading to the production (or degradation) of soluble carbohydrates, most generally sucrose. Plastid PGI activity constitutes about 30% of total cellular PGI (plastid plus cytosolic) in photosynthesizing leaves (7, 9, 10). Since a wide variety of plant species exhibits the same proportion of plastid to total PGI activity (7), the PGI activity ratio may be one of a number of specific consequences of a general mechanism that controls normal carbohydrate metabolism. However, PGI activity itself has not been implicated in the direct regulation of carbohydrate levels.
In this paper we describe the effects of a mutation of the gene encoding the plastid PGI on the levels of chloroplast starch, sucrose, and other soluble sugars, and on certain growth parameters. The mutation was induced by EMS treatment of seeds in Clarkia xantiana (Onagraceae) and has been sequentially back- crossed to wild type for five generations so that it can be compared to wild type in a near isogenic background (98.4% wild type). The mutation reduces the activity of the plastid PGI isozyme by about 50% but has no effect on the activity of the cytosolic PGI.
MATERIALS AND METHODS
Plants, Growth Conditions and PGI Electrophoretic Pattern. White-flowering plants of Clarkia xantiana Gray derived from seeds originally collected from a self-pollinating population (7436) in the Kern River Canyon, Tulare County, CA (4, 6) were studied. The plants have been maintained by self-pollination and are very highly homozygous (6). They were grown in a mixture of three parts sand to one part peat and supplied with Hoagland nutrient at weekly intervals. Controlled environment chambers providing a radiant flux density at plant level of 250 uE m-2 s-' (400-700 nm) and day/night temperatures of 19/14°C were used throughout the study. Day length was 11 h except for one set of experiments in which continuous illumination was provided for 72 h. All experiments were performed on 5 to 6 week old plants (5-7 cm).
The electrophoretic pattern following starch gel electrophoresis (7) consists of four bands of activity: the plastid PGI-1 which is the most anodal band, and the duplicated cytosolic isozymes PGI-2, PGI-3, and their heterodimer PGI-2/3 which migrates to an intermediate position between them (4, 7, 8).
Mutagenesis and Mutant Establishment. Five hundred seeds were presoaked for 12 h in 0.1 M phosphate buffer (pH 7.0), and then for 3 h in the same buffer containing 0.1 M EMS. The seeds were washed, dried, and germinated according to normal procedures (4). Germination rates were within 5% of untreated controls. Seedlings were potted into 2 inch pots; 312 plants matured but, on the average, they set fewer than 10 seeds each. These seeds, all obtained by self-pollination, were sown, but only 25% germinated in contrast to 95% germination of wild type seeds. A total of 160 families (5 seedlings each) were eventually examined by starch gel electrophoresis (7). Several lines showed a marked decrease in the staining intensity ofthe plastid PGI band Mmol of fructose-6-P to glucose-6-P per min at 20°C and pH 8.3.
Immunological Determination of Plastid PGI Activity. Total cellular PGI activity is the sum of the activities of the plastid PGI and the cytosolic PGI isozymes. The analysis made use of an antiserum generated against native cytosolic PGI that had been fully purified from spinach (14). This antiserum inhibits 86% of the Clarkia cytosolic PGI activity and has no effect on the activity of the plastid PGI (7, 9). Thus, we estimated the plastid PGI activity by subtracting cytosolic PGI activity from total PGI. The level of plastid PGI activity can also be determined by an independent approach which takes advantage of the differential temperature stability of the plastid and cytosolic PGI isozymes (9, 13). Heating extracts to 50°C for 10 min completely inactivates the plastid PGI but has no effect on the cytosolic PGI activity (9). Thus, the plastid PGI activity can be determined as the difference between total PGI activity and the activity remaining after heat treatment. The heat treatment and immunological procedure gave nearly identical results (9).
Starch Determination. All the true leaves from S to 6 week old plants were harvested, weighed, and plunged immediately into 10 volumes ofboiling 80% ethanol. They were extracted a further three times with boiling ethanol, dried at 50°C, and homogenized in a total volume of 2 ml of 0.2 N KOH for each 100 mg leaf fresh weight. Samples were heated in boiling water for 30 min, cooled, and 200 MA of 1 N acetic acid added for each 1 ml. An equal volume of dialyzed amyloglucosidase (35 Mll/ml in 0.05 M acetate [pH 4.5]) was added and samples incubated for 30 min at 55°C followed by 5 min in boiling water. Cooled samples were centrifuged for 20 min at 12,000g and the glucose levels in the supernatants assessed by the hexokinase/fructose-6-P/dehydrogenase enzymic method. The reaction mixture, in 0.1 M Tris HCI (pH 8.0), was 1 mM ATP, 1 mM NADP, 2 mM MgC12 with 1 unit/ml of hexokinase and 1 unit/ml of glucose-6-P dehydrogenase. Levels were calculated from glucose standards and converted to starch by multiplying by 0.9.
Sugar Determinations. The sugars present were initially identified by TLC on 20 x 20 cm cellulose sheets using a solvent system consisting of tertiary butanol:methyl ethyl ketone:HCOOH:water (40:30:15:15). Two g of leaf tissue was extracted three times with 30 ml of boiling 80% ethanol and the combined extracts reduced to 2 ml on a rotary film evaporator at 28C. Samples were spot loaded onto the thin-layer sheets together with a range of known carbohydrates. Separation was achieved by two ascending runs and carbohydrates visualized using a mixture of equal volumes of 0.2% naphthoresorcinol in ethanol and 24% H2SO4 followed by heating at 100°C for 5 to 10 min. Both wild type and mutants had three major spots which co-chromatographed with and had color reactions corresponding to sucrose, fructose, and glucose, respectively. Quantitative determinations of these sugars were subsequently carried out as follows: leaves were harvested, rapidly weighed, and plunged into liquid N2 in a mortar, homogenized with 1.25 ml of cold 5% HC104 per 1 g leaf fresh weight, and centrifuged at 1 5,00Og for 15 min at 4°C. The supernatant was neutralized with 8 N KOH and the precipitated perchlorate removed by centrifugation, reacidified (pH 5.0-5.5) with 0.1 N HCI, cleared with activated charcoal, and the pH adjusted to 6.0 with 0.2 N NaOH. Following another 15,000g/l15 min centrifugation, the supernatant was used as the sample. Glucose and fructose as well as glucose-6-P and fructose-6-P were determined in the same sample using the reaction mixture employed in the starch determination with the addition of 0.5 units per ml of PGI, essentially as described in Cooper et al. (2). Sucrose levels were assessed by measuring the increase in fructose and glucose following inversion with equal volumes in invertase (1000 units/ml in 0.1 M acetate [pH 4.5]) for 3 h at 37C. Levels were determined by reference to glucose standards and expressed as mg glucose per g fresh weight.
RESULTS PGI Activity in the Mutant and Its Genetic Basis. The immunological analysis ofwild type plants revealed that about 29% of total cellular PGI activity was contributed by the plastid PGI, and 71% by the cytosolic PGI (Table I) . A study in spinach, based on activities recovered following DEAE-cellulose chromatography, partitioned the activities as 35% plastid and 65% cytosolic (10).
The relative proportion of the two PGI activities differed in homozygous mutant plants. In them, the activity contributed by the plastid PGI was reduced by about half, but that contributed by the cytosolic PGI was unchanged (Table I ). The result indicated the plastid PGI activity in the mutant accounted for 16% of total PGI.
Following electrophoresis of crude extracts, the homozygous mutant exhibited weak to no visible plastid PGI activity upon histochemical staining (Fig. 1) . A similar faint band of activity also resulted when crude wild type extract was diluted in half by the addition of buffer. The result showed that failure to detect (Fig. 3) . The starch level in the mutant, however, was unaffected and rantianae Whole remained similar to that previously recorded (approximately 30 ere subjected to mg/g fresh weight). Leaf sucrose levels were also measured in and stained for additional plants from the same experimental batch. Figure 4 band at the top. shows that the mutant always accumulated more sucrose than eidhbyiduplicted wild type. Levels of intermediates (glucose, fructose, glucose-6-nth Intermeiate P, and fructose-6-P) were similar in both types (Fig. 4) . Whole Plant Growth. The effect of the mutation on several ofBackcross 5 measures ofwhole-plant growth is summarized in Figure 5 enzyme activity in crude extracts by histochemical staining after electrophoresis need not indicate absence of enzyme. It may also be that the plastid PGI isozyme, which is more heat-labile than the cytosolic PI (13) , is more subject to degradation during the electrophoresis. The plastid PGI activity was readily visible on gels containing extracts of heterozygous plants. Table II presents the segregation of the mutant in the progeny of self-pollinated heterozygous plants obtained in backcross 5. As expected, 1/4 were homozygous mutant, 1/2 were heterozygous, and 1/4 were homozygous wildtype (X2=0.21; p>0.75).
Chloroplast Starch Levels. Since the plastid PGI isozyme catalyzes an essential reaction in the synthesis and degradation of starch, we assessed effects of the mutation on chloroplast starch levels. Initial studies compared the mutant and wild type at five time points during an 11 h light period (following 13 h of darkness). In the wild type, leaf starch level declined gradually after the onset ofthe light period, reached a minimum at midday, and rose steadily to a point above the morning level (Fig. 2) . In r~~~Mu t a n t . 
